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Abstract: We present a comprehensive study of warm hybrid inflation within the framework of a-attractor models,
where an axionic inflaton is coupled to a waterfall field in the presence of thermal dissipation. The model is ana-
lyzed for both linear (Y oc T') and cubic (Y o T3) dissipation regimes. Confronting the theoretical predictions with
the latest observational data from Planck+BICEP/Keck, P-ACT-LB-BK18, and SPT, we find that in the weak dissip-
ative regime (Q. < 107°), the scalar spectral index n; ~ 0.965 lies at the boundary of the combined P-ACT-LB-
BK18 constraints, while the tensor-to-scalar ratio » remains within observable ranges. For stronger dissipation
(0 2 1072), the model predicts values of ng well within the 1 —-20 confidence region of all datasets, with tensor

modes remaining fully observable in both dissipation scenarios. These results indicate that forthcoming CMB polar-

ization experiments may be capable of detecting primordial gravitational waves, thereby providing a robust observa-

tional test of warm hybrid inflation across different dissipative regimes.
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I. INTRODUCTION

Inflationary cosmology stands as’the cornerstone of
modern early universe theory, providing a robust, predict-
ive framework that explains the remarkable homogeneity,
isotropy, and flatness of the observable universe [1, 2].
Inflation provides a beautiful solution to the traditional
horizon and flatness problems of the Hot Big Bang mod-
el by proposing a phase of faster, quasi-exponential
growth fueled by the potential energy of an inflaton field,
a scalar field. Most importantly, it also provides a
quantum-mechanical mechanism by which the primordi-
al density perturbations, which flattened the cosmic mi-
crowave background (CMB) anisotropies and the uni-
verse in general, were seeded to occur [3].

The success of inflation, however, is tempered by a
fundamental theoretical challenge: the transition from a
compelling cosmological paradigm to a concrete model
grounded in particle physics. The central obstacle is the
so-called eta-problem: maintaining the requisite flatness
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of the inflaton potential over super-Planckian field ranges
while protecting it from large quantum corrections that
would otherwise spoil the slow-roll conditions [4, 5].
This problem is exacerbated by the swampland conjec-
tures in quantum gravity, which question the viability of
sustained slow-roll inflation in regimes controlled by ef-
fective field theories weakly coupled to gravity [6, 7].
Traditionally, model building has sought refuge in
symmetries such as supersymmetry or shift symmetries of
pseudo-Nambu-Goldstone bosons (axions) to protect the
inflationary potential [8, 9]. However, these approaches
often introduce their own fine-tuning problems or come
into tension with observational bounds and theoretical
constraints, such as the Weak Gravity Conjecture [10,
11]. Furthermore, recent advances in precision cosmo-
logy have rendered many simple and well-motivated
particle physics models, including monomial chaotic in-
flation scenarios with potentials V(¢) c ¢*> or V(¢) o ¢*,
as well as attractor-type models such as Starobinsky and
Higgs inflation, increasingly disfavored by observational
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data [12, 13].

This tension is starkly highlighted by the evolving ob-
servational landscape. Early data from the Planck satel-
lite, combined with constraints from BICEP/Keck (BK),
pointed to a scalar spectral index of

ng = 0.9652+0.0084 (95% CL),

As reported in Refs. [14, 15]. However, more recent
multi-experiment analyses have shifted the preferred
value of n, toward higher values. In particular, the so-
called P-ACT-LB-BK18 dataset, combining Data Re-
lease 6 from the Atacama Cosmology Telescope (ACT),
Planck, BICEP/Keck, and DESI baryon acoustic oscilla-
tion measurements, yields

ng =0.9743 £ 0.0068 (95% CL: 0.967 < ny < 0.981),

As shown in Refs. [13, 16, 17]. Meanwhile, an independ-
ent combination of South Pole Telescope (SPT), Planck,
and ACT data (P-ACT-SPT) favors

ng =0.9684+£0.006 (95% CL: 0.962 < n, £0.974),

As reported in Ref. [18], this upward trend in n,, togeth-
er with increasingly stringent upper limits on the tensor-
to-scalar ratio,

r<0.036 (95% CL),

In light of these observational developments, a diverse ar-
ray of inflationary models has been revisited and scrutin-
ized. Cold inflation scenarios, both supersymmetric and
non-supersymmetric, have been extensively analyzed in
the context of the new ACT and SPT data [12, 19-35].
Among these, hybrid inflation models [36, 37] have at-
tracted particular attention due to their natural exit mech-
anism and connection to grand unified theories [19, 21,
24], while axion inflation, motivated by shift symmetries
that protect the potential from quantum corrections, has
been investigated as a theoretically compelling realiza-
tion, though often facing challenges from the weak grav-
ity conjecture and the need for super-Planckian decay
constants [8—11]. The a-attractor framework [38, 39] has
emerged as a particularly elegant construction, unifying a
broad class of models through a common geometric ori-
gin and predicting specific correlations between inflation-
ary observables that align well with current data [12, 28,
40]. Parallel to these developments in cold inflation, the
warm inflation paradigm has gained increasing attention
by allowing sustained dissipative interactions between the
inflaton and a thermal bath throughout the inflationary

era [41, 42], thereby alleviating the n-problem [43] and
modifying the primordial power spectrum through
thermal fluctuations [44, 45].

Recent numerical advances, particularly the WI2easy
code [46], have enabled precision calculations in warm
inflation, with studies demonstrating that warm little in-
flaton (WLI) models can naturally accommodate the
higher scalar spectral index (n, ~0.97—0.98) favored by
the combined ACT data [13, 16]. Axion realizations of
warm inflation have also been explored, with dissipation
arising from axion-gauge field couplings leading to char-
acteristic temperature dependencies [47]. However, a
minimal axion coupled to non-Abelian gauge fields may
not produce sufficient dissipation for warm inflation, as
recently highlighted in [48], underscoring the need for ad-
ditional structure such as our hybrid + a-attractor frame-
work.

Despite these advances, existing warm inflation stud-
ies.have predominantly focused on single-field construc-
tions, leaving the intersection of warm dynamics with hy-
bridinflation largely unexplored. Earlier warm axion in-
flation models [49, 50] typically considered natural infla-
tion with a single field and required super-Planckian de-
cay constants to achieve sufficient e-folds, placing them
in tension with the weak gravity conjecture. Moreover,
the warm little inflaton framework [51], while successful
in explaining the ACT preference for higher n,, does not
include a natural exit mechanism; inflation ends only
when slow-roll conditions are violated. In contrast, hy-
brid inflation provides a graceful exit via a tachyonic in-
stability in the waterfall field. The present work ad-
dresses this gap by constructing the first comprehensive
analysis of warm hybrid axion inflation within the a-at-
tractor framework. Our model combines three key ele-
ments: (i) the hybrid inflation mechanism with a water-
fall field that naturally terminates inflation, (ii) an axion-
ic shift symmetry embedded in the geometric a-attractor
structure that controls field excursions and ensures con-
sistency with swampland conjectures [49], and (iii) warm
dissipative dynamics characterized by two well-motiv-
ated dissipation regimes (linear Y o« T and cubic Y o« T?).
By confronting this unified framework with the most re-
cent multi-experiment CMB datasets P-ACT-LB-BK18
and SPT, we demonstrate that warm hybrid axion infla-
tion can naturally accommodate the observational prefer-
ence for higher n, while predicting tensor-to-scalar ratios
within the sensitivity range of current and upcoming ex-
periments.

This warm inflationary paradigm [41, 42] therefore
offers a well-motivated framework to address the short-
comings of cold inflation. In contrast to standard "cold"
inflation (CI), where the inflaton is assumed to be dynam-
ically isolated from other degrees of freedom until a post-
inflationary reheating phase, WI posits that sizable dissip-
ative interactions between the inflaton and a thermal bath
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are already active during the inflationary era. These inter-
actions are characterized by a dissipation coefficient Y,
which introduces an additional friction term Y¢ in the in-
flaton equation of motion. As a result, energy is continu-
ously transferred from the inflaton to radiation, maintain-
ing a non-negligible radiation energy density p,
throughout inflation.

This simple yet profound physical ingredient leads to
several important consequences. First, it alleviates the #-
problem: in the strong dissipative regime,

stl»l, €))

Slow-roll evolution can be sustained even if quantum cor-
rections generate an inflaton mass m, larger than the
Hubble scale H, a situation that is incompatible with CI
[43]. Second, WI naturally yields a smooth and graceful
exit into a radiation-dominated universe without requir-
ing a separate reheating phase [52]. Third, and most rel-
evant for current observations, the dissipative dynamics
and associated thermal fluctuations significantly modify
the primordial power spectrum.

In warm inflation, the scalar curvature power spec-
trum receives enhanced contributions from thermal noise.
It can be written as [53]

2

H 2
Prk) = <%> F(T,0), 2

Where the enhancement factor F(T, Q) is given by

2\V3rQ T

F(T,Q)= <1+2n*+m1{

) G(Q). 3)

Here, n. accounts for the possible thermalization of in-
flaton fluctuations, while G(Q) encodes the growth of
perturbations due to the coupling between inflaton and ra-
diation fluctuations and depends on the microphysical
structure of the dissipation coefficient Y [44].

These modifications can naturally yield a scalar spec-
tral index n, closer to unity and suppress the tensor-to-
scalar ratio », in excellent agreement with the trends
favored by recent P-ACT, LB, BK18, and SPT observa-
tions [13].

Recent advances in numerical analysis, particularly
through dedicated codes such as WI2easy [46], now en-
able precision calculations of both the background dy-
namics and cosmological perturbations in unified warm
little inflaton (WLI) models. These studies demonstrate
that the strong dissipative regime,

0>1, “4)

of the combined framework is not only theoretically well-
motivated —ensuring sub-Planckian field excursions,
A¢ < Mp, and avoiding potential swampland constraints
[49, 54]—but is also explicitly favored by the preference
for a higher scalar spectral index n, indicated by the com-
bined P-ACT-LB-BK18 data sets [13, 16]. Moreover,
warm inflation can accommodate a running of the scalar
spectral index «, that may be positive or negative de-
pending on the dissipation regime. A mildly positive run-
ning of the scalar spectral index, a, >0, as suggested by
recent observations, is a feature that remains challenging
to realize within many cold inflation scenarios.

Motivated by-these results, the present work aims to
explore a related yet complementary direction: the incor-
poration of warm inflationary dynamics within the frame-
work of hybrid inflation [36, 37]. Conventional hybrid in-
flation models, which employ a two-field mechanism to
terminate inflation, typically neglect the potential role of
sustained thermal effects during the inflationary phase.
By combining the warm inflation paradigm with a hybrid
structure featuring an axionic background, we seek to
construct a robust and microphysically consistent infla-
tionary scenario.

Our objective is to elucidate how the interplay
between dissipative thermal friction and multi-field dy-
namics influences the inflationary observables, the re-
heating dynamics, and the connection to fundamental en-
ergy scales. To this end, we perform both analytical and
numerical explorations of the model’s parameter space,
confronting its predictions for the scalar spectral index n,,
the tensor-to-scalar ratio », and the running @, with the
stringent constraints arising from the combined analyses
of Planck+BICEP/Keck, P-ACT-LB-BK18, and SPT
data. In doing so, we aim to contribute toward building a
principled and observationally viable bridge between in-
flationary cosmology and high-energy fundamental phys-
ics.

The rest of the work is structured in the following
manner. In Section II, we introduce the theoretical frame-
work of warm hybrid axion inflation within the a-attract-
or formalism, including the two-field potential, axionic
self-interactions, and the warm inflation background
equations. Section III outlines the dynamics of warm in-
flation, dissipation regimes, and the analytical formula-
tion for cosmological perturbations. Section IV contains
our comprehensive numerical analysis, exploring the full
parameter space and presenting results for n, 7, @,, and
T./H. as functions of the dissipation ratio Q., along with
a comparison to current observational datasets. Finally, in
Section V, we summarize the key findings and conclude
the work.

II. HYBRID INFLATION WITH AXION SECTOR

We investigate a hybrid warm inflation scenario in-
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volving axions (or axion-like particles), where the scalar
field ¢ plays the role of the inflaton while y acts as the
waterfall field. Unlike the standard cold picture, here the
inflaton evolves in the presence of a thermal radiation
bath maintained through dissipative processes. Addition-
ally, we consider a non-canonical modification of the kin-
etic term of ¢ within the framework of an a-attractor
model. The resulting Lagrangian density is [40].

»'p)* »y)?
[0 @) Vi),

YT

where warm inflation effects are introduced through a
dissipation coefficient Y(¢,T) that transfers inflaton en-
ergy to a thermal bath, which we discuss in detail in the
next section. The scalar potential is chosen as

)

_ 2 2 lpZ ? /12 202
ven=e(w-2) cvorter,  ©
With the axionic self-interaction given by
— 2,207 ¢ }
V(p) = fm {1 cos (f> . )

Here, M and m denote mass scales associated with the
waterfall and inflaton sectors, respectively, while f'is the
axion decay constant, and «,1 are dimensionless coup-
lings. In the warm inflation regime, the presence of dis-
sipation slows the evolution of ‘¢ near the critical point,
causing the tachyonic instability of y to grow gradually
rather than abruptly.

The parameter o originates from the hyperbolic geo-
metry of a-attractor models [38, 39]. The associated kin-
etic term exhibits a pole at ¢ = V6a, stretching the poten-
tial in the canonical field frame and modifying inflation-
ary observables such as n, and r. Similar kinetic struc-
tures can also arise from renormalization group effects in
Higgs sector extensions [55]. Introducing the canonical
inflaton field via

¢ — @,tanh(L} ®)
6a
the hybrid potential becomes
2 V6atanh ¢
V@)= <M2 - WZZ> +m’f* | 1-cos f<‘/@>
2, ¢ 2
+7¢ <\/@tanh<ﬁ>> . )

The mass squared of the waterfall field at =0 is given
by:

M = az—v ——K2M2+1(/l V6atanh<i))2
L V2R 2 Vea’!/

(10)

During inflation, the system evolves along the trajectory
¥ =0, which remains stable as long as the effective mass
squared satisfies M > 0. This condition is ensured for
¢ > ¢, provided that

(AN6a)?
%

tanhz( 14 (11)

2742
> k"M~
V6a)
As the inflaton ¢ slowly rolls down its potential, the pos-
itive ‘contribution to M}; decreases, and eventually, the
mass squared vanishes at a critical field value ¢.. The on-
set of the waterfall transition occurs at

1/2
©c Vo

t h2 (7> - ’
M\ Vea/ " 3ad

(12)

where V, = k¥*’M* and A, = 2?/«.

For ¢<¢., the mass squared becomes negative,
M; <0, indicating the onset of a tachyonic instability.
Consequently, the configuration ¥ =0 is no longer a loc-
al minimum, and the y field rapidly rolls away toward the
true global minimum of the potential. This rapid growth
of  is known as the waterfall transition and corresponds
to a phase transition that terminates inflation within a
very short timescale compared to the Hubble expansion.

Thus, the critical value ¢. marks the boundary
between the slow-roll inflationary phase and the instabil-
ity regime, providing a natural mechanism for ending in-
flation. Along the inflationary trajectory y = 0, the effect-
ive single-field potential reduces to

V6a tanh (\;2_“)
f

V(p) = Vo+m*f* | 1—cos

(13)

which drives the warm inflation dynamics together with
the thermal bath. The resulting expressions for the scalar
power spectrum, tensor-to-scalar ratio, and their depend-
ence on the dissipation strength will be analyzed in sub-
sequent sections.

III. WARM INFLATION

Warm inflation is the concept that interactions
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between the inflaton and other fields, such as radiation,
can lead to the dissipation of inflaton energy to other dy-
namic degrees of freedom. This implies that particle pro-
duction can occur concurrently with inflationary expan-
sion as long as the scalar potential remains the dominant
component of energy density in the universe, with the
ambient temperature greater than the Hubble scale.
Through this particle production, radiation can naturally
come to dominate the energy density of the universe
without the need for a separate reheating phase as re-
quired in cold inflation [45, 56].

In the warm inflation scenario, the inflaton interacts
with other field(s), which is characterized by a dissipa-
tion coefficient. The evolution equation governing the dy-
namics of the warm inflaton field is

d+BH+T)p+Vs=0 (14)

where Y is a dissipation coefficient, which is absent in
cold inflation. Meanwhile, the evolution of energy dens-
ity can be determined by invoking energy conservation,
which reads as

py+4Hp, = T’ (15)

The term T$* encodes the transfer of energy from the in-
flaton to the radiation bath. In warm inflation, it is as-
sumed that the radiation is thermalized.

pr = (2 30)gT* (16)

where g* denotes the light degrees of freedom in the radi-
ation bath. Finally, the Friedmann equation takes the fol-
lowing form:

= (L veren,) (17)

T3 \2

where m, = 1/ V8rG is the reduced Planck mass. In warm
inflation, slow-roll approximations remain applicable. In
the slow-roll regime, where the second-order derivative
of the inflaton field, ¢, in Eq. 14 and the first-order deriv-
ative of energy density, p,, in Eq. 15 can be neglected,
the evolution equations for the inflaton and energy densit-
ies become

3BH(1+Q)¢=-V'(9), (18)

3 .
pr =300 (19)

Q=C,T’¢'M" " /3H (20)

where C, is the dissipation coefficient and Q is the gener-
alized dissipation coefficient ratio [57], which is dimen-
sionless. In Y, the power of temperature 77 is a model-
dependent quantity with p=1 corresponding to linear
and p =3 ascubic dissipation regimes. Linear dissipa-
tion (T o T) arises naturally in two-step dissipation
mechanisms where the inflaton couples to heavy mediat-
or fields that decay into light radiation, yielding
T ~ g*T /7 in the high-temperature regime [58, 59]. Cu-
bic dissipation (Yo T3) is characteristic of axion—gauge
field interactions via {3¢FF, where explicit finite-tem-
perature calculations give Y ~ a*T?/f? [47]. Both forms
can consistently arise within our axion-hybrid setup de-
pending on the presence of additional mediator fields or
direct gauge couplings. For a critical discussion of min-
imal axion warm inflation, see [48]. In this study, we fo-
cus only on temperature dependence, ignoring ¢ in the
dissipation ratio, and hence we take ¢ =0. The dissipa-
tion ratio Q characterizes the efficiency of energy trans-
fer from the inflaton field to the radiation bath. Its mag-
nitude determines two distinct regimes of warm inflation:
the weak dissipative regime (WDWI) when Q <1 and
the strong dissipative regime (SDWI) when QO > 1.

The slow-roll parameters for warm inflation o, ny,
and e, are given by:

m: (Vv )2 1% m:V
4 K4 2 V.o p’$
= — | — s = —_, = . 21
v 2<V WEMyTy ovE Ty @D

€y Nv — €y

“1+0 " ivo

€ (22)

While the Hubble slow-roll parameters € and # explicitly
depend on the dissipation ratio O, the standard power
spectrum for warm inflation is given by:

2
) <1+2n35+ . 2 V30, )G(Q*),

2
2m,¢

(23)
" ; (24)
BE — /.~ >
exp (%) -1
G(Qlinear = 1+0.3350'3% +0.01850", (25)
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G(Q)leupic = 1+4.9810"* +0.1270*%, 26)
dlnpP OlnP

s=1 Col4(l-e) =2 27

e TR G TRy (27)

We use this basic definition of spectra where G(Q) is
called the growth factor and npy the Boltzmann statistics
of the photon bath. The growth factor is obtained by solv-
ing the perturbation equations numerically [46, 51], while
the numerical best-fit expressions for linear and cubic
dissipation regimes are given in Eqs. 25-26. Using the
resulting power spectrum, we compute the scalar spectral
index n;.

IV. NUMERICAL ANALYSIS

We perform a detailed numerical study of the warm
hybrid axion inflation dynamics and compute the result-
ing primordial power spectra. The background evolution
is governed by the coupled inflaton—radiation system in
the presence of a dissipative term Y(7) arising from ax-
ion—gauge field interactions. To solve the system effi-
ciently, we adopt dimensionless variables and use the
number of e-folds NV as the time variable [56].

x=¢/m, y=¢, z=m,H, y=p, (28)

Xy =2, (29)
z

vz =30+ Q- 2, (30)

yn =4y +30y, 31)

2= % (yg +V(x)+y) . (32)

where Q = Y/(3H) is the dissipative ratio, and V(x) is the
axion potential. The subscript () denotes a derivative
with respect to N. We consider two temperature-depend-
ent forms of the dissipation coefficient:

e Linear dissipation: Y(7) « T,

e Cubic dissipation: (7)o« T3.

which correspond to distinct microscopic regimes of
axion—gauge field interactions [47].

All numerical solutions are obtained using the
WI2easy Mathematica code [46], a dedicated solver for

warm inflation dynamics that integrates the background
equations (29-32) together with the perturbation equa-
tions for scalar and tensor modes. The scalar power spec-
trum P, and tensor power spectrum P, are computed us-
ing the generalized warm inflation formalism [51, 60].
The scalar spectral index n, and tensor-to-scalar ratio r
are evaluated at the pivot scale k, = 0.05 Mpc™'. We calib-
rate the potential amplitude using the measured value of
P, from Planck [14], which also fixes T*/H* for each
benchmark point. We have verified the consistency of our
WI2easy results with other warm inflation solvers such as
WI-easy [46] and ensured numerical convergence across
the parameter space.

To systematically explore the model predictions, we
select four benchmark points (BP1-BP4) that span the
weak, intermediate, and strong dissipative regimes. Their
parameters are listed in Table 1. The main results are dis-
played in Fig. 1. The top panel illustrates the relationship
between the dissipation ratio Q. and the thermal ratio
T./H., across the full parameter space, revealing a trans-
ition at Q,~3.5x107. In the cold inflation regime
(Q.<3.5%x107%), T,/H, <0.1, implying that the thermal
bath is negligible compared to the Hubble scale, and
quantum fluctuations dominate.

In the transition region (3.5x107°<Q,),
0.1 <T./H, < 1, indicating that thermal effects are com-
parable to quantum effects. For the warm inflation re-
gime (Q.>107), T./H,>1, so thermal fluctuations
dominate over quantum fluctuations and significantly af-
fect the inflaton dynamics. The thermal transition behavi-
or differs between linear (Y o« T') and cubic (Y o T3) dis-
sipation forms. For linear dissipation, the transition is
sharper at Q, ~2.8x107°, thermalization occurs faster
due to linear temperature dependence, and the correlation
between the thermal ratio and dissipation is T,/H, oc Q%%
for Q.>10". In contrast, cubic dissipation shows a
broader transition centered at Q, ~4.2x 1073, with slower
initial thermalization but stronger temperature feedback,
giving T./H, o« Q%% for Q. > 1074,

The bottom panel in Fig. 1 shows the scalar spectral
index n, as a function of the dissipative ratio at horizon
crossing Q. for both linear (left panel) and cubic (right
panel) dissipation cases. The colored curves correspond
to the four benchmark points, and the shaded regions rep-
resent the 68% and 95% confidence levels from com-
bined CMB datasets (Planck+BK18, P-ACT-LB-BK18,
SPT).

In the strict Q, — 0 limit, linear and cubic models
converge to the same cold inflation predictions. The small
difference seen in Fig. 1 at the smallest Q, values is due
to the different potential amplitudes V, required to fit P,
in each dissipation regime (see Table I). For all bench-
marks, n, asymptotically reaches a value ~ (0.96 —0.965),
which may be within the preferred range of Planck
ng = 0.9649 +0.0042 [14]. However, these results for cold
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Table 1.

Parameters for the four benchmark points used in the numerical scan. The parameter VO is the scaling of the potential de-

termined by the WI2easy code, which is a function of Q. and plateaus for small Q. with values given in the last two columns. The
value of @ =1 is used for all benchmark points, which is an important parameter in setting the location of the kinetic pole and the ef-

fective field range.

Benchmark Vo m/my, flmp VOLinear VOcube
BP1 VOx 10710 VV0x2.8x107° 100 0.015 0.021
BP2 Vox 1078 VV0x2.8x 1076 100 0.0086 0.0093
BP3 VOx 10710 VV0x2.8x107° 10 0.0019 0.384
BP4 VOox 10710 VV0x2.77%x107° 1 0.782 0.813

1024 o ) o
] Linear-T Dissipation 10! Cubic-T? Dissipation
] — BP1 1 — BP1
] — BP2 ] — BP2
] — BP3 i — BP3
— BP4 —— BP4
L 10! Ry
=] =
10°
10-5 10~ 103 102 107! 10° 10-3 104 103 1072
O* Q*
0.990 rrrrm——rrrrm 0.99 e
e LinearT — BP1 ' ' 0.0035 ® Cubic T3 — BP1 ' oon
Planck + BICEP/Keck —— BP2 Planck + BICEP/Keck —— BP2
P-ACT-LB-BK18 —— BP3 2 P-ACT-LB-BK18 — BP3
0.985 P-ACT-SPT — BP4 0.0030 P-ACT-SPT — BP4 o.010
0.98F E
0.980+ i 0.0025 0000
0.0020 0.97F 7
& 0.975F - . & 0.008 |
0.0015
0.970- - 0.96F - 0.007
0.0010
0.006
0.965F B
0.0005 0.95- -
0.005
PIRTTTY BRI BT BRI T EErErE T BT |
0.960+0=8"""10=4""{0=3"" 102 " 10-1 100
O*
Fig. 1. (color online) The top panel shows the relationship between the dissipation ratio Q. and the thermal ratio T./H, for both lin-

ear (Y o T) and cubic (T o« 73) dissipation regimes, whereas the bottom panel shows the scalar spectral index n, as a function of Q. for
linear dissipation (left) and cubic dissipation (right). For cubic dissipation, Q. values above ~ 1072 are excluded because slow-roll
breaks down and n; exceeds observational bounds; therefore, the curves are truncated. The color bands represent the observational con-
straints from Planck+BICEP/Keck, P-ACT-LB-BK18, and SPT data. The four benchmark points (BP1-BP4) are indicated as colored

trajectories.

inflation fall outside the combined Planck and ACT
DR4/DR6 (TT+TE+EE) bounds of n,=0.9743+0.01.
Thus, cold inflation is not the best fit regime for our mod-
el, as it fails to match the observed spectral tilt of
ny =0.9743 by P-ACT-LB-BK18.

For cubic dissipation, the function G(Q.) grows as
0*3 for large Q., causing a rapid increase in the scalar
power spectrum. For Q, 2 1072, the slow-roll conditions

break down within the observable e-fold range, and the
Planck normalization cannot be maintained while keep-
ing n, < 1. Hence, the curves are truncated at Q, ~ 1072,
For linear dissipation, G(Q.) increases more moderately,
allowing slow-roll validity up to Q. ~ 1.

As Q. increases, dissipation becomes dynamically
important. Both dissipation prescriptions initially exhibit
a decrease in n, for small Q,, but for large values, it turns
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around and starts to increase sharply. The rate of increase
is steeper for the cubic case due to the stronger temperat-
ure dependence. For linear dissipation, n, enters the 95%
CL region around Q, ~ 1072; similarly, for cubic dissipa-
tion, this occurs at Q, ~ 1072. For Q. > 0.01, both cases
yield n; ~0.97-0.985, which is in excellent agreement
with the observations of P-ACT-LB-BK18 and SPT.

The color bar in Fig. 1 shows the variation of the
tensor-to-scalar ratio ». The opposite behavior of » with
Q. in linear vs. cubic dissipation can be traced to the dif-
ferent scalings of T./H,. and G(Q.). For linear dissipa-
tion, T,/H, o« Q*® and G(Q,) grows slowly, so r de-
creases. For cubic dissipation, T,/H, o« Q% while
G(Q,) « 0**, leading to a relative enhancement of scalar
power and a mild increase in r at large Q..

The predicted range r~107-107* lies within the
sensitivity reach of several upcoming and planned CMB
polarization experiments. In particular, LiteBIRD [61, 62]
targets a sensitivity of o-(r) ~ 1073, while CMB-S4 [63] is
expected to reach o(r) ~O(107™*), depending on delens-
ing efficiency and foreground removal. In addition,
ground-based and sub-orbital experiments such as the Si-
mons Observatory [64] and the BICEP/Keck [15] pro-
gram are expected to probe r ~ few x 1073, providing par-
tial coverage of the upper end of the predicted range. Fu-
ture concepts like CMB-HD may further improve sensit-
ivity toward the 10~* level. Therefore, a significant por-
tion of the predicted parameter space is potentially test-
able, although a detection is not guaranteed and depends
on foreground control and delensing performance.

All four benchmark points produce trajectories in the
n,—Q. plane that pass through the observationally al-
lowed regions. Our results for n, and » are similar to

ns — as for Linear dissipation

0.020+ P-+ACT+LB+BK
] — BPL
| — BP2
0.015{ — "
] — BPa
0.010
0 ]
0.005
0.000
—0.005 1
A L A A [ |
0.96 0.97 0.98 0.99
nNs
Fig. 2.

those of the warm little inflaton (WLI) framework [51],
but our model offers a natural exit via the waterfall field
and sub-Planckian field excursions due to the a-attractor
geometry. More importantly, the hybrid structure lowers
the required dissipation strength for consistency with
ACT data. In single-field axion warm inflation, dissipa-
tion arises only from the axion—gauge field coupling
%(PFF, giving T ~a’T?/f? and requiring Q. 2 0.02 to
match the observed n, [48]. In our hybrid model, the in-
flaton additionally couples to the waterfall field via
£ ¢y, Even when y= 0 during inflation, virtual y fluc-
tuations mediate extra energy transfer from ¢ to the
thermal bath, effectively increasing the total dissipation
coefficient. As a result, a smaller Q, suffices to generate
the same thermal noise. Quantitatively, for cubic dissipa-
tion, we find Q, = 0.008 in our model versus > 0.02 in
single-field models. Thus, the hybrid coupling provides
an additional - dissipation channel that reduces the
threshold for warm inflation. This demonstrates the ro-
bustness of warm hybrid axion inflation: a wide range of
dissipation strengths can yield predictions consistent with
current CMB data. Notably, the cubic dissipation case al-
lows for consistency at smaller Q., reducing the required
dissipation strength for agreement with Planck.

Similarly, in Fig. 2, we present the predictions for n;
as a function of «, for the same four benchmark points
(BP1-BP4), with observational constraints overlaid from
combined datasets (P-ACT-LB-BK18). As illustrated in
Fig. 2, a, remains negative in the case of linear dissipa-
tion, while staying within the limits set by the combined
datasets. In contrast, cubic dissipation spans a broader
parameter space, allowing «, to vary from negative val-
ues up to approximately 0.015. All benchmark points pro-

g P+ACT+LB+BK
0.0254 — BP1
1 — BP2
0.0204 — BP3
] — BP4
0.0154
& 0.0104
0.0051
0.000 /
—0.0054
1= T~ 1

L L
0.96 0.97 0.98 0.99 1.00
Ns

0.95

(color online) Predictions for the n, versus the running of the scalar spectral index a, for the four benchmark points

(BP1-BP4) in linear dissipation (left) and cubic dissipation (right). Each curve is parameterized by the dissipation ratio Q., increasing
from left to right along the trajectory. The shaded regions correspond to the 68% and 95% confidence levels from combined CMB data-

sets: P-ACT-LB-BK18.



Warm Hybrid Axion Inflation in a-Attractor Models Constrained by...

Chin. Phys. C 50, (2026)

¢ /Mg
2
W

0.5+ 1

0 10 20 30 40 50
No-N,

Fig. 3.
panel shows M.%. The waterfall transition occurs near N ~ 55.

duce predictions that lie within or close to the 95% con-
fidence intervals of current combined CMB observations
(P-ACT-LB), which constrain a, = 0.0062+0.0052 [13,
16].

Before presenting the conclusions, we show the evol-
ution of the inflaton field ¢(N) (left panel) together with
the corresponding stability condition M (right panel) for
Benchmark Point 2 as a representative example in Fig. 3.
This behavior is qualitatively similar for all other bench-
mark points.

As shown in Fig. 3, the inflaton field undergoes a
slow-roll evolution for N <50, during which the condi-
tion Mj > 0 is satisfied, ensuring that the trajectory ¥ =0
remains stable. As N ~ 55 is approached, the critical con-
dition in Eq. (14) is reached, leading to the onset of a ta-
chyonic instability in the waterfall field. This triggers a
rapid transition that terminates inflation. These results
confirm that all benchmark points consistently satisfy the
required stability conditions throughout the inflationary
evolution.

V. CONCLUSION

In this work, we have investigated warm hybrid ax-
ion inflation within the framework of a-attractor models.
We considered a two-field scenario where the inflaton is
an axion-like particle with a non-canonical kinetic term,
and the waterfall field is responsible for ending inflation.
The warm inflation dynamics are driven by dissipative ef-

0.0025 |-

0.0020 |-

0.0015

0.0010 |

0.0005 |-

0.0000 |-

0 10 20 30 40 50 60
No-N,

Time evolution of the inflaton and stability condition for BP2 (linear dissipation). The left panel shows ¢(~N), while the right

fects, characterized by a dissipation coefficient Y, which
couples the inflaton to a thermal bath. We considered two
forms of the dissipation coefficient: linear (Y o 7') and
cubic (Yo T?) in temperature.

Our numerical analysis, performed using the W2easy
code, revealed that the model transitions from a cold in-
flation regime (disfavored by current data) to a warm in-
flation regime that is consistent with the latest CMB ob-
servations from Planck+BICEP/Keck, P-ACT-LB-BK18,
and SPT. In particular, we found that for dissipative ra-
tios Q. = 0.01, the scalar spectral index n, falls within the
95% confidence region of the combined P-ACT-LB-
BK18 data. The tensor-to-scalar ratio 7 is strongly sup-
pressed in the warm regime, typically below 102 —1073.
Therefore, a significant portion of the predicted paramet-
er space is potentially testable, although a detection is not
guaranteed and depends on foreground control and
delensing performance. Furthermore, the running of the
scalar spectral index «, in the strong dissipative regime is
also consistent with P-ACT-LB-BK18, which may be
probed by future observations.
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